Objective: This article reports new anthropometric information of U.S. firefighters for fire apparatus design applications (Study 1) and presents a data method to assist in firefighter anthropometric data usage for research-to-practice propositions (Study 2).
IntroductIon
The National Fire Protection Association (NFPA) estimated that there were approximately 1,103,300 firefighters in the United States in 2010 (Karter & Stein, 2011) . The average rate of fatal workplace injuries to firefighters was 16.6 per 100,000 employed, which was 4.15 times higher than the 4 per 100,000 rate for all workers in 2006 (U.S. Department of Labor [DOL], 2006) . In addition, firefighters sustained approximately 71,875 injuries in 2010 as reported by the NFPA (Karter & Molis, 2011) . A National Fallen Firefighters Foundation white paper reported that firefighter anthropometry for fire apparatus and protective equipment design (e.g., cabs, seats, body restraints, egresses, bunker gear) is a pressing issue to protect firefighters from being killed in crashes and rollover incidents, falls from vehicles, and excessive thermal and chemical exposures (Routley, 2006) . Various concerned parties, including professional associations, fire apparatus standards committees, and apparatus manufacturers, jointly advocated for an anthropometric survey of U.S. firefighters to advance fire apparatus designs.
Anthropometry databases on U.S. firefighters are very limited. Veghte (1991) reported 30 measurements of 20 firefighters with a focus on protective clothing application. Hsiao, Long, and Snyder (2002) reported 14 measurements of 189 protective services persons (including firefighters) based on the National Health and Nutrition Examination Survey database of 1988 to 1994. A recent British anthropometry survey of 316 female firefighters reported data of 61 measurements for personal protective equipment design use (Stirling, n.d.) . An anthropometry study of 122 firefighters was also reported for seat belt evaluation (U.S. Department of Commerce, 2008) . Most of these data were collected without fire gear, rendering them applicable for some applications such as seat height determination and mask design but insufficient for some applications such as seat belt design and cab space arrangement in that firefighters typically ride fire trucks while in gear. In addition, these studies were limited to a few specific applications and their sample size. The recent largescale Civilian American and European Surface Anthropometry Resource (CAESAR) survey offered a good potential for some product design applications (Harrison & Robinette, 2002) . However, CAESAR has major limitations in its applications to fire apparatus designs in that it is a generic anthropometric study of subjects drawn from 15 sectors of industry; not one firefighter was included in the total sample of 2,353 subjects. It has been shown that the U.S. firefighter population has a larger build than the general U.S. population (Hsiao et al., 2002) ; applying data from the CAESAR survey to the firefighter population for apparatus design would be inappropriate. Another recent national anthropometry survey of 20,015 children and adults offered a good prospective on diversity of anthropometry among current populations (Fryar, Gu, & Ogden, 2012) . Due to the nature of the study on health and nutrition, only very limited dimensions were measured. The information on body height, body weight, waist circumference, upper arm length, and upper leg length can be used for certain product design applications. However, the report did not provide information on the number of firefighters in the survey nor offer specific anthropometry information on firefighters.
This research represents the first large-scale anthropometry survey of American firefighters to facilitate design of the next-generation fire apparatus and firefighter personal protective equipment (PPE), and the paper reports the data method and implications of the research, which is organized in two studies. Study 1 presents body measurements both in gear and without gear, the first available in the literature for various fire apparatus and firefighter PPE design applications. The study also provides detailed information on differences in body builds between firefighter and civilian groups and delivers a key message that caution must be made by designers and human factors engineers in selecting anthropometry databases that are adequate for their occupational applications. Study 2 reports a data method to evaluate the variations among weighted, unweighted, and normality transformed data to determine whether the original raw data from Study 1 reflect the demographic distribution of current firefighters and address nonnormality concerns and weighting needs in practical apparatus design applications. This is an important subject in anthropometry data usage that has not been well addressed in the literature. Different fire apparatus design applications require different anthropometric approaches for dimension specification; among them are univariate, bivariate, multivariate, and shape quantification approaches (Hsiao, 2013) . Fire truck seat height can be defined mainly by popliteal height measurement. Seat belt design requires information on both trochanter-totrochanter (bitrochanter) curve length and acromion-to-trochanter curve length. Turnout gear jacket design necessitates information on multiple dimensions, including chest breadth, chest depth, chest circumference, waist circumference, hip circumference, vertical trunk circumference, arm span, acromion-wrist length, and neck circumference. Similarly, data on multiple body dimensions are needed for fire truck cab design in that easy-to-reach controls, sufficient overhead clearance, and adequate visibility of both internal and external environments all are functions of the fire truck operator's body size and position in the cab. In addition, design and sizing of self-contained breathing apparatus straps require information on the size and shape of the torso. In short, multidimensional data in raw form are increasingly required in product design specifications. It is essential to either verify that the raw data collected in Study 1 are appropriate for unweighted use in design practices or inform the potential data users of the limitations of the data set in terms of normality constraint and weighting requirements in the product design process. The objectives of this study were to (a) establish a national anthropometric database of U.S. firefighters that reflects the variations in body sizes among firefighters, (b) provide information on differences in firefighter body dimensions between in-gear and without-gear scenarios for fire apparatus and firefighter PPE design, and (c) verify the hypothesis that the size and physique of the U.S. firefighter population are different from those of the general U.S. population. method Critical anthropometric measurements. A total of 71 measurements relevant to the design of seats, seat belts, cabs, turnout gear, ingress, gloves, and face masks are presented in this report. Definitions of these measurements are listed in Appendix A and are organized into three categories. Of the 71 measurements, 40 were collected from the participants in fitted shorts in both standing and seated postures (Figure 1a ). Another 21 measurements were collected while the participants were wearing their personal turnout gear, including personal selection of tools stored in their pockets, in both standing and seated postures (Figure 1c ). The remaining 10 measurements were hand-and head/facerelated dimensions extracted from hand and head/face scans (Figure 1b ).
Participants. This study used a stratified sampling plan (3 age × 3 race/ethnicity × 2 gender combinations) to collect anthropometric data across the United States. The sampling plan was based on 1,136,650 firefighters from the U.S. Fire Department Profile Through 2005 (Karter, 2006) , which was the best available and most updated information at the study planning stage in 2007. Of the population, the under-30 age group (ages 16-29) accounted for 287,450 (or 25.3% of all firefighters). The 30 to 39 age group accounted for 330,400 (29.1%), the 40 to 49 age group accounted for 296,450 (26.1%), and the above-50 age group accounted for 222,350 (19.5%). The data were recategorized into three groups (excluding those younger than 18) with an equal population distribution: 365,845 firefighters (32.8%) for ages 18 to 32, 379,505 (34.0%) for ages 33 to 44, and 370,575 (33.2%) for ages 45 to 65, for a total of 1,115,925 firefighters.
On the gender and ethnicity matters, the U.S. DOL Household Data Survey of 2000-2004 indicated a distribution of 4.2% female firefighters and 95.8% male firefighters, which consists of 9.3% Black (male), 7.3% Hispanic (male), and 79.2% White (male; U.S. DOL, 2006) . Since female firefighters are relatively few in number, it is impractical to further divide them into different racial/ethnic groups. Therefore, a total of 12 cells (3 age × 3 race/ethnicity combinations for males plus 3 age groups for females) were arranged for the study to represent and compare anthropometric differences among U.S. firefighters.
The needed within-cell sample size was calculated using the following equation,
where X −υ is within-cell accuracy, X is the sample mean of the subgroup, υ is the true mean of the subgroup, n is the sample size, σ is the standard deviation of the subgroup, and δ is the eccentricity (1.96 for 5% two-sided probability; Chow & Liu, 1998) . Based on the standard deviation of stature from the CAESAR U.S. database (79 mm for men and 73 mm for women) and the desired cell accuracy of 18 mm for this study, the estimated sample size is 74 for males and 64 for females. Namely, at a 95% confidence level the sample sizes of 74 and 64 would have sufficient power for the sample mean to be within 18 mm of the true mean of the subgroup. Therefore, 75 subjects per cell was proposed. The "all other race/ethnicities" group was merged with the Hispanic group because its percentage was too small to be an independent racial/ethnic group and its racial diversity matches that of the Hispanic group. In short, a national sample size of 900 subjects would provide sufficient information for between-gender, between-race/ethnicity, and between-age assessments.
In practical applications of anthropometry for product design, the proportions of gender, race/ ethnicity, and age populations need to be considered, and the sample size is adjusted accordingly. Based on the distribution of 4.2% women, 9.3% Black (male), 7.3% Hispanic (male), and 79.2% White (male) firefighters reported in the U.S. DOL Household Survey of 2000 -2004 (U.S. DOL, 2006 , a random national sampling of 900 firefighters would yield 713 White males, 84 Black males, 66 Hispanic males, and 38 female firefighters. On the other hand, to maintain the power to evaluate the anthropometric difference among the different ethnicity and gender groups of firefighters, a minimum of 75 subjects should be kept in each group. In addition, an oversampling of female firefighters would be necessary to address some fire apparatus design issues (such as fire engine operation and seat adjustment) that are unique to females. Therefore, a 70%, 10%, 10%, and 10% sample plan was proposed, which corresponded to 630 White males, 90 Black males, 90 Hispanic males, and 90 females. In this adjusted study design, the lowest cell accuracy for stature (non-Hispanic Black × age and Hispanic × age) is 28 mm, whereas the highest cell accuracy (White × age) is 11 mm. The cell accuracy is 26 mm for Female × age subgroups. The lowest ethnicity group accuracy is 15 mm.
To collect data nationwide, the continental United States was divided into four regions, as shown in Table 1 . The number of participants in each region was assigned based on the size of the population in that region in the 2000 U.S. census (U.S. Census Bureau, 2001) , with an assumption that the number of firefighters is proportional to the size of the population they serve. Table 2 shows the interim distribution plan of 900 subjects by gender, ethnicity, age, and region. This distribution was based on the assumption that all racial/ethnic populations were distributed equally across the four regions, which certainly was not representative and could result in recruiting bias or difficulty of certain racial/ethnic groups in certain regions. A further adjustment was made to reflect region-byethnicity distributions of firefighters (Table 3) and thus to define the number of subjects to be recruited from each region for the study.
This final adjustment (Table 3) took into account the geographic density of racial/ethnic Table 2 .
Facilities and participant recruitment. The measurement stations consisted of a briefing table, a changing area, and a space with sufficient lighting for traditional anthropometric measurements and three-dimensional surface scanning. Participants were approached through firefighter associations and leaders of regional fire stations at four data collection sites as identified in Table  3 . At the middle stage of the 30-month study period, the Chicago site became unavailable. After a careful analysis on racial/ethnicity, age, and gender distributions of metropolitan firefighter populations in the Northeast and North Central regions, Philadelphia, Pennsylvania, was selected to replace Chicago. This was not an ideal situation but was scientifically reasonable and practical; a site in the North Central region with a similar firefighter population size and distribution to those in Chicago would have been ideal but was unavailable. Data collection was completed in Rockville, Maryland, Phoenix, Arizona, Philadelphia, Pennsylvania, and Fort Worth, Texas. The study was conducted at the rate of about eight persons a day.
Measurement devices. The firefighters were measured with and without their gear using traditional anthropometry methods as well as point digitizing and surface scanning anthropometry methods. The participants were measured in standing and seated postures to obtain dimensions pertaining to cabin design, seat configuration, seat belt design, and PPE fitting. Measurements were recorded using a FARO digitizing arm for vertical dimensions. Measurements of body depths were obtained using anthropometers, breadths using sliding calipers, and circumferences using tape measures. Other instruments included a weight scale, a stool for seated measurement, and a Smedley hand grip dynamometer for hand grip strength measurements.
Procedures. On arrival at the field laboratory at a fire station, firefighters were greeted and given a brief overview including the purpose of the study. Before data collection, participants signed a consent form and filled out a questionnaire pertaining to demographic information and experience with fire apparatus. The participants changed from street clothes into form-fitting shorts for the male firefighters or form-fitting shorts and a sports bra for the female firefighters ( Figure 1a ).
The firefighters first stood on a level footboard with their feet in the designated footprints. They were asked to stand in an upright, erect posture. This was done to ensure that all the firefighters were standing consistently in the same position while the standing measurements were taken. Anatomical landmarks were identified and marked on the subject prior to measurement ( Figure 1a ). Twenty dimensions were then measured. A measuring tape was used to take circumference measurements. Vertical heights were registered using a FARO digitizing arm, and other dimensions were recorded using calipers; the two methods were lab tested to be within a 0.4 mm difference, and the FARO digitizing was time efficient for vertical-height measurements, as were calipers for width and depth measurements. A weight scale was then used to measure body weight. The next series of measurements were taken using the same tools while the firefighters were seated in shorts on a bench with a vertical back rest. The firefighters were positioned so that they were sitting erect; an adjustable block was placed under the firefighters' feet so that their knees were at a 90° angle. In all, 18 seated dimensions and a seated grip strength measurement were then obtained. Overall, 40 without-gear anthropometric measurements were recorded (Table 6) . A three-dimensional head and face scan ( Figure 1b ) and a two-dimensional hand scan were then recorded, from which four hand dimensions and six head and face measurements were extracted.
The firefighters were then asked to go to the changing area and to change back into the clothes that they would normally wear under their bunker gear. They were then asked to don their bunker gear. The firefighters were asked to keep all the equipment they usually carry in their pockets (e.g., hand tools, gloves, rope) and to keep any equipment attached to their bunker gear in the position that it is usually donned. The firefighters stood back on the footboard with the designated footprints to begin the measurements in gear. Seven dimensions were measured, followed by a body weight measurement. The firefighters were then positioned back on the bench for a series of 12 seated measurements in gear ( Figure 1c ) and a seated grip strength test with gloves. Overall, 21 in-gear measurements were collected (Table 6) .
data Analysis Weighted sampling. Before data were analyzed, a weighting procedure was applied to the samples to ensure that the current sample represents the current firefighter population in age and race/ethnicity composition for men and age distribution for women. The weights were calculated as the relative frequency of a given cell in the firefighter population, divided by the relative frequency of the same cell in the survey sample (International Organization for Standardization, 2008) . It can be expressed as,
where N is the count from the age/race cell in the firefighter population, n is the count from the age/race cell in the survey sample, i is the subscript for the age group, and j is the subscript for the racial group. Samples were weighted across three age groups (18-32, 33-44, and 45-65) for both men and women and three race/ethnicity groups (non-Hispanic White, non-Hispanic Black, and Hispanics and Others) for men. Descriptive analyses. Summary statistical analyses on the 71 body measurements were performed for the arithmetic mean, standard error of the mean, standard deviation, 5th percentile, and 95th percentile for each measurement. To confirm that measurements with and without gear were different, nine dimensions available in both without-gear and in-gear conditions were compared; a two-tailed t test with a p value of .05 as the significance level was performed for each of the nine dimensions.
Current firefighters compared with the general U.S. population. Measurements from the current study were compared with relevant measurements from the general U.S. population according to the CAESAR survey (Harrison & Robinette, 2002) . In all, 24 body dimensions for men and 25 dimensions for women were compatible in definitions and measurement approaches between this study and the CAE-SAR study. A two-tailed t test with a p value of .05 as the significance level was performed for each dimension.
results
Sampled population and statistical weights. A total of 951 firefighters took part in the study, which exceeded the targeted sample size by 51 participants. A representation of the targeted versus final sampled population by age and race/ethnicity distribution is shown in Table 4 , and the sampling weights are presented in Table 5 . The sampling weight calculation method is defined in the Weighted Sampling subsection within the Data Analysis section. As an example, the weight for Black and age 18 to 32 group would be (34,024 / 1,069,056) / (26 / 863) = 1.05637, where the estimated count of Black male firefighters in the age 18 to 32 category is 34,024 and the estimated count of U.S. adult male firefighters is 1,069,056 (Karter, 2006; U.S. DOL, 2006) . The actual count of male firefighters measured was 863; of them, 26 were Black male firefighters from age 18 to 32.
Summary statistics. Summary statistics (sum of weights, mean, and standard deviation) of the 71 body measurements are presented in Table 6 . Additional information, including the 5th and 95th percentiles, standard error of the mean, and 95% confidence interval of the mean for each measurement, is listed in Appendix B. The tabulated data were calculated based on the weighted samples exhibited in Tables 4 and 5 . There were a few missing data points for a few variables; pairwise deletion of missing data, which means all valid data points were included in the analyses for the respective variables, was employed.
Measured without gear versus measured in gear. Nine dimensions measured in both the ingear and without-gear scenarios were compared (Table 7) , based on the weighted samples exhibited in Tables 4 and 5. There were a few missing data points scattered among a few variables; casewise deletion of missing data, excluding all cases that had missing data for at least one of the selected variables, was used in the analysis. This ensured that comparisons were from the same set of observations. The statistical significance level was set at p = .05/9 = .0056 (two-tailed test) for nine paired comparisons, which was equivalent to t. 05 (9, 847) = ±2.83 for men and t. 05 (9, 85) = ±2.84 for women. The differences in means were significant for all dimensions (p < .0056). The differ-ences in hip breadth between the without-gear and in-gear conditions were 160 mm for men and 150 mm for women. Similarly, the differences in bideltoid width between the withoutgear and in-gear conditions were 135 mm for men and 155 mm for women. The results have a significant implication in seat/space arrangement. The differences in means for elbow-wrist length were 3 mm for men and 5 mm for women, reflecting the thickness of sleeves. The differences in chest width (40 mm for men and 43 mm for women), chest depth (82 mm for both men and women), foot length (46 mm for men and 42 mm for women), and foot breadth (16 mm for men and 18 mm for women) between the in-gear and without-gear conditions (Table 7) have implications for protective clothing sizing, footwear design, and cab space configuration. The results also show that firefighters on average wear equipment and clothing of 11.8 kg for men and 10.5 kg for women. In addition, their average grip strength was reduced by 9.8 kg for men and 8.6 kg for women comparing the with-glove to no-glove conditions. Current firefighters versus general U.S. population. Table 8 shows the comparisons for the means of 24 body dimensions for men and 25 dimensions for women between current firefighters and the general U.S. population. For men, differences in the means of 16 out of 24 dimensions are statistically significant; of the 16, the differences in 2 dimensions are small enough to be of no practical importance in design practice, whereas the other 14 have significance for product sizing development. Although male firefighters on average have the same height as men in the general U.S. population, they are 9.8 kg heavier than men in the For females, differences in the means of 14 out of 25 dimensions are statistically significant; of the 14, the difference in 1 dimension is small enough to be of no practical importance in design practice, whereas the other 13 have significance for protective gear sizing. Their mean weights are on average 2.6 kg different, but this is not statistically significant. However, female firefighters are significantly taller than women in the general U.S. population, by 29 mm on average. In addition, female firefighters have larger stature-related body dimensions (e.g., 31 mm for acromion height, 24 mm for axilla height, and 16 mm for buttock-knee length) than women in the general U.S. population. Moreover, their body builds are larger than those of women in the general U.S. population: waist circumference is 73 mm larger, bideltoid breadth is 58 mm larger, and under bust circumference is 33 mm larger.
In summary, these results show that the size and physique of the current firefighter population are not well represented by the general U.S. population. Male firefighters are heavier than men in the general U.S. population, and female firefighters are taller than women in the general U.S. population. Both male and female firefighters on average have larger upper-body builds than those of the general U.S. population.
discussion
Anthropometric characteristics of the current U.S. firefighter population. Table 8 shows that male firefighters are heavier than males in the general U.S. population and female firefighters are taller than the females in the general U.S. population. Comparisons of the firefighter data to the recent vital and health statistics (body weight and height) of adults age 20 and older in the United States (Fryar et al., 2012) Note. Unit: mm unless otherwise specified. Sum of W: sum of weights. *Denotes statistical significance at p = .05/24 = .00208 for men and p = .05/25 = .002 for women for two-tailed independent t tests with Bonferroni correction, which were equivalent to t. 05 (24, >1000) = ±3.08 for men and t. 05 (25, >1000) = ±3.09 for women. + Denotes no practical importance. (2002) findings that different occupational groups have distinctive anthropometric characteristics from the general U.S. population. This study provides additional detailed information to update the existing literature on the distinctive characteristics of firefighters.
The significant differences between in-gear and without-gear conditions for hip breadth and bideltoid width have implications for seat and cab space arrangement. Although seat pan and seat back widths of an automotive fire apparatus can be specified using the "without-gear" anthropometry information of hip breadth and bideltoid width, space needs to be provided between seats or between a seat and a door. This is where the in-gear measurements are critical as firefighters typically ride or operate an automotive apparatus while in gear. This study provides critical data to address the fire apparatus design and cab space arrangement issue, which is absent in the literature. The results also echo the required step of an anthropometric adjustment for clothing and gear in protective equipment design for public safety professionals (Hsiao, 2013) .
The information on differences in chest width (40 mm for men and 43 mm for women), chest depth (82 mm for both men and women), foot length (46 mm for men and 42 mm for women), and foot breadth (16 mm for men and 18 mm for women) between in-gear and without-gear conditions (Table 7) provides the scientific basis and practical specifications for protective clothing sizing, footwear design, and cab space configuration, which helps to fill a knowledge gap on the subject in the current literature. It is also worth noting that the average equipment-andclothing weights of 11.9 kg for men and 10.5 kg for women have physiological and biomechanical significance. They represent additional energy expenditure and heat generation, making them an additional heart burden; the literature has shown that heart attack and stress were the most frequent causes of firefighter deaths, accounting for 60.2% of incidents in 2011 (U.S. Fire Administration, 2012). Finally, the average grip strength was reduced by 9.8 kg for men and 8.9 kg for women comparing the with-glove to no-glove conditions. This also has physiological and biomechanical implications; increased effort and energy consumption are expected for producing the same amount of work or force when gloves are used versus no gloves. The development of lighter and better fitting protective clothing and gloves is in progress in the fire apparatus manufacturing industry, using the anthropometric data from this study.
conclusion A large-scale national anthropometry survey of U.S. firefighters was conducted, and data from 71 measurements were tabulated for advancing fire apparatus and protective-equipment designs. The data contain both in-gear and withoutgear measurements that are the first available in the literature for various fire apparatus and firefighter PPE design applications. Male firefighters were on average 9.8 kg heavier and were larger in body build (80 mm larger for chest circumference, 76 mm larger for waist circumference, and 84 mm larger for bideltoid breadth) than men in the general U.S. population. Female firefighters were significantly taller by 29 mm on average and had larger physiques (73 mm larger for waist circumferences and 58 mm larger for bideltoid breadth) than women in the general U.S. population. Moreover, firefighters on average wear equipment and clothing that is 11.9 kg for men and 10.5 kg for women and average grip strength was reduced by 9.8 kg for men and 8.9 kg for women comparing the withglove to no-glove conditions. This knowledge is critical for the fire apparatus design process for improved anthropometric accommodation and reduced physiological and biomechanical burden on firefighters.
Study 2: ImplIcAtIon oF dAtA WeIghtIng And normAlIty on FIre AppArAtuS deSIgnS
Background
An anthropometric database is most useful for apparatus design when its composition accurately represents the demographic characteristics of the target population. Well-intended anthropometric surveys sometimes do not meet the original composition goal due to reduced or over-participation rates, and sampling weightings are commonly used to fill the gap. However, often designers have tabulated summary data but not necessarily the underlying information on weighting for making intelligent decisions. Also, multidimensional data in a raw data form are increasingly being used in product design specifications; normality transformation of raw data for some dimensions may be critical for adequate design practices. A systematic evaluation of the raw data (without weighting) from Study 1 for their representation of the demographic characteristics of the U.S. firefighter population would be valuable for both apparatus designers and human factors practitioners in specifying design requirements for various fire apparatus.
objective The objective of this study was to evaluate the differences of firefighter anthropometric data from Study 1 in original strata, weighted arrangements, and normality transformed modes to determine their implications and best usage in product design. The hypothesis is that the differences among original, weighted, and normality transformed data are small enough to be of no practical significance, which demonstrates that the methods used to collect the data in Study 1 have addressed nonnormality concerns and are compatible with weighted data and thus are acceptable and practical for direct usage (without weighting) for fire apparatus design applications.
method Data from 71 anthropometric dimensions from Study 1 (stratified sampling plan of 3 age × 3 race/ethnicity combinations for males and 3 age groupings for females) were used for this study. Data in original strata and weighted adjustment were compared for their differences in the mean and 5th and 95th percentiles to determine their deviation from each other. Of the 71 anthropometric dimensions for men in their unweighted original strata, 22 failed to meet the Kolmogorov-Smirnov one-sample normality criterion (p < .05). These data were transformed using the Box-Cox method to improve their normality distribution (Box & Cox, 1964) . The formulas for Box-Cox transformation are summarized in Appendix C. The transformed means and 5th and 95th percentiles were back-transformed to the original scale (hereafter named normality transform modes) for comparisons with the corresponding values of the original unweighted and weighted data.
Similarly, the Shapiro-Wilks W tests rejected the hypothesis of data normality for 23 of the 71 anthropometric dimensions for women in their unweighted original data (p < .05). The Shapiro-Wilks W tests were used in that the sample size for women in this study was considered small. These data were transformed using the Box-Cox method to recover their normality distribution (Appendix C). The means and 5th and 95th percentiles were then back-transformed to the original scale for comparisons with the corresponding values of the unweighted and weighted data.
The differences among weighted and unweighted (original) data and normality transformed data for the means and 5th and 95th percentiles were compared to the allowable observer errors as reported in the anthropometry literature (Gordon et al., 1989; Guan et al., 2012) . If the differences among the weighted data, original unweighted data, and normality transformed data (if any) for a dimension for its mean and 5th and 95th percentiles are smaller or equal to the allowable observer error for that dimension, the differences are considered to be of no practical significance and thus no practical design implications.
results
Anthropometric data of male firefighters. As seen in Table 9 , for male firefighters, the weighted and unweighted means and 5th and 95th percentiles for all 71 body dimensions were equal; that is, their differences are within acceptable measurement error ranges. The normality transformation results (22 dimensions) were also equal to those of unweighted data (as well as weighted data), except for body weight without gear and body weight in gear. The skewness and kurtosis of each of the 20 dimensions are all small.
The differences in mean body weight for the weighted and normality transformed modes were 1.4 kg for the without-gear condition and 1.2 kg for the in-gear situation (Table 9 ). These differences are above the allowable observer error of 0.7 kg (Guan et al., 2012) . Body weight data were skewed to the heavy side in this data set (skewness = 1.2 for the without-gear and 1.1 for the in-gear situations), although the skews are no more than moderate. In addition, it must be noted that 5 of the 22 Box-Cox transformed variables did not reach a satisfactory level for normality statistically: boot breadth (seated in gear), buttock-shoe tip length (seated in gear), bitrochanter length (seated in gear), hand breadth, and palm breadth. Given that their means and 5th and 95th percentiles were very close to those of weighted values, the skewness of these data distribution has no practical importance or concern in product design applications. Anthropometric data of female firefighters. For female firefighters, the weighted and unweighted means for each body dimension were also very close to each other, as were the weighted and unweighted 5th and 95th percentiles for each body dimension, except for body weight in gear (95th percentile), which is above the allowable observer error of 0.7 kg for an amount of 2 kg (Table 10) .
Comparisons of the normality transformation results of 23 dimensions with those of the unweighted data set (as well as weighted data set) for their means and 5th and 95th percentile anthropometry measurements showed that the differences in 9 of the 23 dimensions were above the allowable observer errors: chest circumference (standing without gear, 95th percentile), hip circumference (standing without gear, mean), vertical trunk circumference (standing without gear, mean), weight (without gear, mean), bideltoid breadth (sitting without gear, mean), sitting height (without gear, mean), weight (in gear, mean, 5th percentile, and 95th Note. Unit: mm unless otherwise specified. *Denotes that the difference between weighted and unweighted mean, 5th percentile or 95th percentile (bolded), is greater than allowable observer error. § Denotes that the Box-Cox transformation did not reach a satisfactory level for normality: boot breadth (seated in gear), buttock-shoe tip length (seated in gear), bitrochanter length (seated in gear), hand breadth, and palm breadth. ‡ Guan et al. (2012) . + Gordon et al. (1989) . 
discussion
Raw data versus weighted data in design applications. An anthropometric database is most useful for a product design application when its composition accurately represents the demographic characteristics of the target product user population. A well-intended and well-executed Note. Unit: mm unless otherwise specified. *Denotes that the difference between weighted and unweighted mean, 5th percentile or 95th percentile, is greater (bolded) than allowable observer error. # Denotes that the difference between unweighted and normality transformed mean, 5th percentile or 95th percentile, is greater (bolded) than allowable observer error. § Denotes that the Box-Cox transformation did not reach a satisfactory level for normality: seated buttock-shoe tip length and seated abdominal breadth. ‡ Guan et al. (2012) . + Gordon et al. (1989) . anthropometric survey can meet the composition goal. Many surveys often employ sampling weighting to correct potential sampling biases whether they resulted from reduced participation in certain sample categories or an unexpected overparticipation in a sample group. In addition, many product design applications involve multiple anthropometric parameters (Hsiao, 2013) , which may require designers to use raw data instead of tabulated single-dimensional data for making intelligent decisions. This study verified that the differences among original data, weighted data, and normality transformed data for male firefighters are small enough to be of no practical significance, which demonstrates that the collected original raw data in Study 1 contain negligible nonnormality concerns or weighting requirements for practical fire apparatus design applications. For female firefighter data, the similarity between the weighted and unweighted data suggests that this study sample was reasonably representative of the firefighter population in anthropometric dimensions, with an understanding that 9 of the reported 71 dimensions have a larger deviation than others. With a relatively small sample size of 88, caution needs to be exercised in using the original raw data. There were a few "outlier" participants in this database, and there is insufficient information to determine whether this is representative of the national female firefighter community. A normality transformation is desired if raw data on female chest circumference, hip circumference, vertical trunk circumference, weight, bideltoid breadth, sitting height, eye height, and buttock-shoe tip length are used for design purposes.
conclusion
The anthropometry raw data of male firefighters from Study 1 represent the demographic characteristics of the current firefighter population reasonably well and can be directly employed into fire apparatus design applications. The original raw data (excluding body weight) have no major abnormality and weighting concerns in practical design cases. The study sample of female firefighters was reasonably representative of the firefighter population in anthropometric dimensions. With the relatively small sample size, a normality transformation is desired if raw data on chest circumference, hip circumference, vertical trunk circumference, weight, bideltoid breadth, sitting height, eye height, and buttock-shoe tip length are used for design purposes. overAll dIScuSSIon the "natural" distribution of Body Weight Body weight data and its relevant dimensions (i.e., chest, waist, and hip circumferences) were skewed to the heavy side (a larger tail to the right) in this data set. Literature has shown that an increase in body weight appears to be a characteristic feature of a population as a whole and does not seem to be a separate problem of only heavier people (Hermanussen, Danker-Hopfe, & Weber, 2001) . Although firefighters on average have larger body builds than those of the general U.S. population as demonstrated in the current study, they are not immune from the overweight prevalence. About 31.5% of the study participants' body mass indexes fall in the category of severe overweight (≥31.1 kg/m 2 for men and ≥32.3 kg/m 2 for women), based on the criteria recommended in the consensus statement of the 1985 National Institute of Health Development Conference on the Health Implications of Obesity (Rowland, 1989) . This information needs to be factored into protective gear design for firefighters, especially for protective jackets, pants, and the strap configurations of self-contained breathing apparatus.
Study limitations
This study used a stratified sampling plan of 3 age × 3 race/ethnicity × 2 gender combinations to collect anthropometric data in four geographical regions, centered in four metro areas and their vicinities. Expanding data collection in rural areas would improve the sample representation of national firefighters in that most career firefighters serve in metro areas and most volunteer firefighters serve on departments that protect communities of fewer than 10,000 residents (Karter, 2013) . However, adding the additional stratum (i.e., career vs. volunteer) in this already-complicated study was cost prohibitive. Career and volunteer firefighters were therefore considered as a group in this study and extra efforts were extended to reach out to volunteer firefighters in the vicinity of the four study areas to participate in the study. An analysis of key dimensions (i.e., stature, body weight, and some circumference measurements) of male firefighters between career and volunteer groups in this study did not demonstrate a significant difference in means between the groups. Considering career and volunteer firefighters as a group in this study was scientifically reasonable and financially practical, although volunteer firefighters were underrepresented. Sample sizes of female firefighters from these studies were too small for a meaningful comparison of their anthropometric difference between career and volunteer groups.
Recognizing the challenge in recruiting participants who resided 30 miles away from data collection sites and the space constraints at rural fire departments for setting up study scanners, the National Institute for Occupational Safety and Health has developed a new data collection trailer equipped with multiple three-dimensional scanning devices for future anthropometry studies. Until then, the firefighter anthropometry data from this study remain the best available national data for fire apparatus design applications. Note. 95% CI-L = lower 95% confidence interval of the mean; 95% CI-U = upper 95% confidence interval of the mean. Units are in mm except for weight and grip strength, which are in kg. builds than males in the general U.S. population. Female firefighters were significantly taller than females in the general U.S. population by 29 mm on average and have larger physiques than those of females of the general U.S. population. • The sampling process and data method for the national firefighter anthropometry survey set a model for facilitating similar anthropometry studies of other occupational groups (e.g., law enforcement officers and emergency medical service persons) aiming for an array of safety equipment design. • Firefighters on average wear equipment and clothing of 11.9 kg for men and 10.5 kg for women and their average grip strength was reduced for 9.8 kg for men and 8.6 kg for women comparing the with-glove to no-glove conditions. Research on reducing equipment weight and improving glove design to maintain good grip strength is desirable to lessen potential physiological and biomechanical burden on firefighters. • The anthropometry raw data of male firefighters from Study 1 represent the demographic characteristics of the current firefighter population and can be directly employed into fire apparatus design applications with no major weighting or abnormality concerns. With the relatively small sample size of female firefighters, a normality transformation is desired if raw data of female firefighter chest circumference, hip circumference, vertical trunk circumference, weight, bideltoid breadth, sitting height, eye height, and buttockshoe tip length are used for design purposes.
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